Age-related hearing loss has been associated with varied auditory cortex morphology in human neuroimaging studies. These findings have suggested that peripheral auditory system declines cause changes in brain morphology but could also be due to latent variables that affect the auditory periphery and brain. The current longitudinal study was designed to evaluate these explanations for pure-tone threshold and brain morphology associations. Thirty adults (mean age at Time 1 ¼ 64.12 AE 10.32 years) were studied at two time points (average duration between visits ¼ 2.62 AE 0.81 years). Small-to medium-effect size associations were observed between high-frequency pure-tone thresholds and auditory cortex gray matter volume at each time point. Although there were significant longitudinal changes in low-and high-frequency hearing measures and brain morphology, those longitudinal changes were not significantly correlated across participants. Highfrequency hearing measures at Time 1 were significantly related to more lateral ventricle expansion, such that participants with higher measures exhibited larger increases in ventricle size. This ventricle effect was statistically independent of highfrequency hearing associations with auditory cortex morphology. Together, these results indicate that there are at least two mechanisms for associations between age-related hearing loss and brain morphology. Potential explanations for a direct hearing loss effect on brain morphology, as well as latent variables that likely affect both the inner ear and brain, are discussed.
Introduction
Nearly everyone aged 70 years and older experiences hearing loss, particularly for high-frequency sounds (Brant & Fozard, 1990; Echt, Smith, Burridge, & Spiro, 2010; Lee, Matthews, Dubno, & Mills, 2005 ; F. R. Lin, Thorpe, Gordon-Salant, & Ferrucci, 2011; Wiley, Chappell, Carmichael, Nondahl, & Cruickshanks, 2008) . This high-frequency hearing loss can result from age-related declines in the endocochlear potential that diminishes the function of the cochlea as an amplifier and a lifetime accumulation of noise and ototoxic exposures that can damage hair cells and affect their function (Dubno, Eckert, Lee, Matthews, & Schmiedt, 2013; Schmiedt, 2010; Schuknecht, 1974; Vaden, Matthews, Eckert, & Dubno, 2017) . These declines in the auditory periphery appear to affect structure and function throughout the central auditory system (Golub, 2017; Kujawa & Liberman, 2015; Lang et al., 2010; Ouda, Profant, & Syka, 2015) .
An association between individual differences in puretone thresholds and auditory cortex morphology was first reported in a tinnitus study where Heschl's gyrus volume was lower in middle-aged participants with elevated thresholds (Schneider et al., 2009) . Similar small-to medium-effect sizes have been observed when voxel-based and gross volumetric measures of auditory cortex were used to study middle-aged to older adults with varied severity of hearing loss (Eckert, Cute, Vaden, Kuchinsky, & Dubno, 2012; Husain et al., 2011; Peelle, Troiani, Grossman, & Wingfield, 2011; Ren et al., 2018; Rigters et al., 2017 ; although see Alfandari et al., 2018; Boyen, Langers, de Kleine, & van Dijk, 2013) . While average pure-tone threshold measures have typically been used to examine this association (Husain et al., 2011; Peelle et al., 2011; Ren et al., 2018) , measures of high-frequency hearing loss have been more strongly associated with auditory cortex morphology than lowfrequency hearing loss in two studies (Eckert et al., 2012; Schneider et al., 2009) , whereas a measure of lowfrequency hearing loss was more strongly associated with auditory cortex gray matter in another study with a large sample size (Rigters et al., 2017) . These findings have been thought to reflect auditory cortex atrophy because increased cerebrospinal fluid (CSF) was also observed in some of these studies (Eckert et al., 2012; Qian, Chang, Moonis, & Lalwani, 2017) .
There are two general explanations for why variation in age-related hearing loss has been associated with variation in auditory cortex morphology (Peelle & Wingfield, 2016) . It is possible that increases in pure-tone thresholds cause a decline in brain morphology. Findings from animal model studies of noise-induced hearing loss suggest at least a modest causal effect of hearing loss on neurons and supporting tissue in auditory cortex (Groschel, Gotze, Ernst, & Basta, 2010; Nguyen, Khaleel, & Razak, 2017; Saljo et al., 2002; Su et al., 2017) . These observations are consistent with evidence that people with sudden and unilateral hearing loss demonstrate lower gray matter volume in auditory cortex (Fan et al., 2015; Wang et al., 2016; M. Yang et al., 2014) . In addition, hearing sensitivity and auditory cortex morphology may decline together in older adults because of a common mechanism affecting both the auditory periphery and the central nervous system (CNS) . It is also possible that there is a general effect of aging in cross-sectional samples which increases the likelihood of observing an association between two variables that change with age, although chronological age has been controlled statistically in some auditory cortex morphology studies (Eckert et al., 2012; Rigters et al., 2017; Schneider et al., 2009) .
Longitudinal studies are needed to delineate indirect effects from causal relationships between hearing thresholds and auditory cortex morphology in human participants. There has been one longitudinal study that provides modest support for the causal explanation. Change in gray matter volume over $6.4 years was more pronounced in older adults with elevated puretone thresholds measured at the beginning of the study (F. R. Lin et al., 2014) . However, the extent to which changes in pure-tone thresholds track with changes in auditory cortex morphology remains unclear. Here, we examined the extent to which (a) cross-sectional associations between pure-tone thresholds and auditory cortex morphology were observed consistently across two longitudinal time points, (b) these associations were specific to auditory cortex and not to other nonauditory brain regions, and (c) pure-tone threshold changes across two longitudinal time points tracked with changes in brain morphology. That is, the overarching goal of this study was to evaluate the longitudinal support for the hypothesis that hearing loss causes changes in auditory cortex. The absence of significant longitudinal effects in the context of cross-sectional effects would provide stronger support for the alternative hypothesis that associations between hearing loss and auditory cortex morphology are mediated by a latent variable or variables.
Materials and Methods Participants
Thirty adults (17 females) provided informed consent to participate in this longitudinal study that was approved by the Medical University of South Carolina Institutional Review Board. At the first visit (Time 1), participants had a mean age of 64.12 years (range: 43.65-84.70). At the second visit (Time 2), the same participants had a mean age of 66.74 years (range: 46.55-86.53) . The mean duration between visits was 2.62 years (range: 1.26-4.97). Inclusion criteria included English as the native language (two reported fluency in a second language) and a Mini-Mental Status Examination score of at least 27 at each visit (Table 1) . The exclusion criteria included a history of head trauma, seizures, conductive hearing loss or otologic disease, selfreported CNS disorders, and contraindications for safe magnetic resonance imaging scanning. This sample is a subset of 49 participants who were included in a crosssectional study that demonstrated significant associations between pure-tone thresholds and auditory cortex morphology (Eckert et al., 2012) . We recruited all previous participants who were available to examine longitudinal hearing threshold and auditory cortex associations. Requests for data used in this study can be made to the corresponding author and accessed with a data use agreement and institutional approvals. A brief hearing history update was obtained through self-report. Three of the participants reported owning a hearing aid and thus there were too few cases to examine how a hearing aid could mediate the anatomical effects described later. In addition, 13 of the participants reported some form of tinnitus, but this unstandardized self-report measure was not related to any of the auditory cortex gray matter volume measures (results not shown).
Audiologic Assessment
Otoscopy was performed to ensure that excessive cerumen did not limit the validity of audiometric assessment. Pure-tone thresholds were measured with TDH-39 headphones at conventional frequencies (250, 500, 1000, 2000, 3000, 4000, 6000 , and 8000 Hz) using a Madsen OB922 clinical audiometer that was calibrated to American National Standards Institute (2010) standards. Bone-conduction testing (500, 1000, 2000, 3000, and 4000 Hz) was performed to ensure that elevated thresholds were not due to conductive hearing loss.
To replicate previous associations between high-frequency hearing thresholds and gray matter morphology (Eckert et al., 2012) , a low-frequency hearing measure and a high-frequency hearing measure were calculated based on a factor analysis of pure-tone thresholds from 852 older adults (1,796 ears; mean age ¼ 69.92 years, standard deviation ¼ 7.24 years; 55.6% females) who participated in a study on presbyacusis and did not have conductive hearing loss or otologic disease (Dubno et al., 2008; Lee et al., 2005) . This factor analysis demonstrated that two statistically unique low-and highfrequency components could explain 87% of the variance across conventional frequencies (Eckert et al., 2012) . These low-and high-frequency hearing measures were calculated for this study using the following approach. (a) Each participant's pure-tone threshold was standardized to the mean and standard deviation of the corresponding pure-tone threshold from the 852 older adults (columns 2 and 3 in Table 1 from Eckert et al., 2012) . For example, a participant with a 40-dB HL threshold at 3000 Hz would have a standardized score for that threshold equal to 0.060 [x ¼ (40 À 38.63)/ 22.81]. (b) The standardized score for each threshold (250 to 8000 Hz) was then multiplied by the corresponding low-or high-frequency component coefficient from the factor analysis (columns 4 and 5 in Table 1 from Eckert et al., 2012) . For example, the same participant from above would have a weighted low-frequency score equal to À.004 [x ¼ 0.060 Â À0.065] and a weighted highfrequency score equal to 0.015 [x ¼ 0.060 Â 0.253] for the threshold at 3000 Hz. (c) These weighted values would then summed across frequencies (250 to 8000 Hz) for each component to create the low-and high-frequency hearing measures. Finally, R Project code to produce the low-and high-frequency measures with new audiogram data has been included in the Supplemental Materials to facilitate replication of this approach.
The low-and high-frequency measures were averaged across ears because of the strong positive correlation between ears for each measure, for example, Time 1 left and right ear high-frequency measure: r(29) ¼ .90. Table 1 presents descriptive statistics for these standardized measures, which were scaled such that lower values indicate lower (better) thresholds (e.g., a high-frequency hearing value of À1 corresponds to $10-dB HL threshold at 3000 Hz, while a value of 1 corresponds to $60-dB HL threshold at 3000 Hz). To further elucidate how the high-frequency measure, for example, related to individual thresholds, results are presented later to demonstrate the relation between change in the high-frequency measure and change in the 3000-Hz threshold.
Image Acquisition and Preprocessing
T1-weighted images were acquired at Time 1 and Time 2 with a Siemens 3T Trio and 32 channel head coil using the following parameters: 160 slices with a 256 Â 256 matrix, repetition time ¼ 8.13 ms, echo time ¼ 3.7 ms, flip angle ¼ 8 , slice thickness ¼ 1 mm, and no slice gap. These data were collected at the MUSC Center for Biomedical Imaging where standard quality control approaches were used to track and correct for any changes in scanner function over the course of this study (i.e., typical hardware failures such as a receiver malfunction in the phased-array coil). The procedures described later were used to limit potential influences of scanner drift or image quality over time as well as to replicate the cross-sectional methods used in Eckert et al. (2012) .
Cross-sectional image processing. The T1-weighted images collected at Time 1 and Time 2 were rigidly aligned into anterior commissure-posterior commissure orientation and denoised (Coupe et al., 2010) . Each image was bias-field corrected and segmented using the CAT12 Toolbox (Gaser & Dahnke, 2016) . The segmented gray matter and white matter images were spatially normalized into a study-specific coordinate space using diffeomorphic image registration (DARTEL; Ashburner, 2007) . These normalized tissue-class images were modulated to adjust the segmented gray matter probabilities for volumetric displacement that occurred during normalization. The modulated gray matter images were then smoothed with a Gaussian smoothing kernel (fullwidth at half maximum (FWHM) ¼ 8 mm) to ensure that the data were normally distributed and to limit falsepositive results. Jacobian determinant images were also created to examine the extent to which gray matter results could be explained by volumetric displacement relative to the study-specific template (Eckert et al., 2006) . Gaussian smoothed (FWHM ¼ 8 mm) gray matter density images were also produced to determine the extent to which the gray matter effects were present without the modulation step. Unmodulated gray matter effects were further confirmed using cortical thickness data that were collected using the CAT12 Toolbox and smoothed with a kernel (FWHM ¼ 15 mm) that is appropriate for cortical thickness data (Spalthoff, Gaser, & Nenadic, 2018) .
Longitudinal image processing. SPM12 pairwise longitudinal registration was used to estimate changes in brain morphology. This image processing step produced a T1-weighted image in the average space between the two T1-weighted images for each participant and limits the potential bias of using a single time point as the target space (Reuter, Schmansky, Rosas, & Fischl, 2012) . This image processing step also produced a Jacobian determinant image that reflects the amount of warping to align the two images, which was adjusted for the duration between longitudinal time points to provide a rate of volumetric change for each voxel. The average T1-weighted image for each participant was then segmented so that the images in average space could be normalized to study-specific DARTEL template that was created for the cross-sectional image processing. The normalization parameters from this step were then used to warp the Jacobian determinant images representing the rate of longitudinal volumetric changes into the study-specific coordinate space for group-level statistical analyses. Again, the Jacobian image for the longitudinal analysis represented the rate of change for that individual, which differs from the cross-sectional analysis where the Jacobian image represents the extent of image warping to fit to the study-specific template.
Cytoarchitectonic ROI and Total Gray Matter Volume
The Anatomy toolbox cytoarchitectonic maps (Auditory Te 1.1, 1.0, 1.2, and Visual hOc1 or V1; Eickhoff et al., 2005) were used to define the cortical regions of interest (ROI) for this study, as in Eckert et al. (2012) . The V1 ROI served as a control region to determine the sensory system specificity of associations with the pure-tone threshold variables. The Anatomy Toolbox was used to create ROI that were restricted to auditory and visual cortex in Montreal Neurological Institute space. The ROI were then normalized into study-specific space by warping the SPM gray matter tissue prior to the DARTEL gray matter template and applying the warping parameters to the ROI using the SPM12 Normalize function. The average gray matter volumes and Jacobian determinants from within the Te and V1 regions from Time 1 and Time 2 were obtained using MarsBar (Brett, Anton, Valabregue, & Poline, 2002) . The gray matter ROI were residualized for total gray matter volume using SPSS to control for the global effect of total gray matter volume on the ROI gray matter measures, as in Eckert et al. (2012) . The total gray matter volume measure was obtained by summing the probability values across each participant's native space segmented image (Table 1) . These ROI were also used to obtain the average Jacobian determinant values in the Te and V1 regions that characterized longitudinal morphologic change.
Statistics
Cross-sectional analyses. Pearson correlations were used to examine associations between the low-and high-frequency hearing measures with the auditory cortex measures at Time 1 and Time 2. These ROI analyses, in particular, were performed without multiple comparison correction because pure-tone thresholds have exhibited small-to medium-effect associations with auditory cortex morphology in previous studies (Eckert et al., 2012; Husain et al., 2011; Peelle et al., 2011; Ren et al., 2018; Rigters et al., 2017) and because we had a priori predictions that pure-tone thresholds would be associated with auditory cortex gray matter volume. Multiple regression was then used to determine the specificity of significant gray matter associations after controlling for the average Jacobian determinant from within each ROI and to examine the influence of age.
Cortical thickness analyses were performed with the CAT12 Toolbox to examine the extent to which cortical thickness was associated with the hearing measures. There were no significant effects outside of auditory cortex after correction for multiple comparison with family-wise error (p < .05) using threshold-free cluster enhancement (TFCE Toolbox v.154). The effect sizes for the cortical thickness results are shown later across the brain so that the modest magnitude of auditory cortex effects can be interpreted in the context of effects across the cortex.
Longitudinal analyses. Paired t tests were performed to determine the extent to which the low-and high-frequency threshold measures increased from baseline (Time 1), and brain morphology changed from Time 1 to Time 2. Pearson correlations were then used to determine the extent to which longitudinal changes in hearing and gray matter measures were significantly related. Threshold free cluster enhancement was used to control for multiple comparisons when examining Jacobian (implicit masking across brain voxels) and cortical thickness associations with low-and high-frequency hearing measures. Significant results were subsequently interrogated using partial correlation to determine the extent to which the effect sizes were diminished after controlling for individual differences in age, duration between visits, and sex. We also determined the extent to which these variables related to the magnitude of change in the lowand high-frequency hearing measures.
Post hoc analyses were performed to clarify a significant association between the Time 1 high-frequency hearing measure and longitudinal expansion of the lateral ventricle. First, partial correlation was performed to determine the extent to which this association could be explained by participant sex and age. Second, multiple regression was performed to determine the extent of unique variance in the high-frequency hearing measure that was related to the auditory cortex gray matter volume and longitudinal expansion of the lateral ventricle.
Results

Cross-Sectional Associations Between Cortical Morphology and Hearing
Lower gray matter volume in left primary auditory cortex was significantly associated with elevated high-frequency hearing measures at Time 1 and Time 2 (Table 2 and Figure 1 ), after controlling for total gray matter volume. The left Te 1.0 associations were not significant after controlling for age at either time point. However, the left Te 1.2 associations at Time 1 and Time 2 remained significant after controlling for age (p < .05). There were no significant associations between the low-frequency hearing measure and the gray matter ROI (Supplemental Materials). There were no significant associations between the hearing measures and gray matter volume in the visual cortex control region (Table 2) .
There were no significant Pearson correlations between the average Jacobian determinant within each Te ROI and the high-or low-frequency hearing measures (all ps > .05). However, elevated high-frequency hearing measures at Time 1 and Time 2 were significantly associated with lower unmodulated gray matter density data, for example, Time 1 Te 1.0: r(29) ¼ À.53, p ¼ .002. Coupled with similar cortical thickness results demonstrating small-to medium-effect sizes (Figure 2) , these findings indicate that the auditory cortex gray matter associations with high-frequency hearing were largely due to cortical thickness rather than the gross volumetric displacement information. Thus, there was evidence of lower auditory cortex gray matter in participants with more high-frequency hearing loss at each time point and for different gray matter measurement methods.
Longitudinal Associations Between Hearing and Cortical Morphology
Longitudinal changes in pure-tone thresholds. There were significant longitudinal increases in low-and high-frequency hearing measures (Table 1) . Figure 3 shows these effects for each threshold and individual participant changes for the 3000-Hz threshold that contributes to the high-frequency hearing measure. The change in low-and in high-frequency hearing was not significantly correlated with age at Time 1, low frequency: r(29) ¼ À.01, p ¼ .97; high frequency: r(29) ¼ .04, p ¼ .84, or with the duration between visits, low frequency: r(29) ¼ .16, p ¼ .39; high frequency: r(29) ¼ .05, p ¼ .79.
Longitudinal changes in brain morphology. Figure 4 shows the significant expansion of the lateral ventricles and contraction of brain tissue from Time 1 to Time 2 across participants. The contraction of tissue included Heschl's gyrus bilaterally, but these effects were not specific to auditory cortex and included regions bounding the major sulci (e.g., frontal operculum bounding the Sylvian fissure or primary visual cortex bounding the calcarine fissure) and subcortical structures. The pulvinar (MNI coordinate: 12 Â À28 Â 0) and dorsomedial nucleus (MNI coordinate: 6 Â À14 Â 2) of the thalamus, in particular, were regions that exhibited the most pronounced contraction with age. Although significant longitudinal changes were observed for the low-and high-frequency hearing measures and brain morphology, there were no significant associations between the change in low-or high-frequency measures and change in brain morphology (gray matter ROI, cortical thickness, or Jacobian data; all ps > .05). However, participants who exhibited more high-frequency hearing loss at Time 1 also exhibited more pronounced changes brain morphology.
Specifically, participants with elevated high-frequency hearing measures at Time 1 exhibited a faster rate of lateral ventricle volume expansion (Figure 4 , violet cluster). A post hoc control analysis revealed that high-frequency hearing was significantly associated with the average lateral ventricle expansion (Figure 4 , violet cluster) after controlling for age at Time 1, duration between visits, and sex, partial r(25) ¼ .66, p ¼ .0002; without controlling for these variables r(29) ¼ .69, p ¼ .00002, despite higher high-frequency measures at Time 1 for males compared with females, r(29) ¼ .50, p ¼ .005. A gif file is presented in Supplemental Materials to demonstrate the change in ventricle volume for a male participant with elevated high-frequency thresholds at both time points (shown on the left) compared with a male participant who demonstrated less change in ventricle volume and lower high-frequency thresholds at both time points (shown on the right). 
Distinct High-Frequency Hearing Associations with Brain Morphology
In summary, high-frequency hearing was significantly related to auditory cortex gray matter volume at Time 1 and Time 2. In addition, the Time 1 high-frequency hearing measure was significantly related to the longitudinal change in ventricle size. These results raised the post hoc question as to whether the same variance in high-frequency hearing explained both sets of brain morphology results. A multiple regression was performed to determine the extent to which the Time 1 left Te 1.0 gray matter volume and the change in ventricle volume predicted unique variance in the Time 1 high-frequency hearing measure. Time 1 gray matter volume in the Te 1.0 ROI and rate of change in lateral ventricle expansion explained unique variance in the high-frequency hearing measure (Multiple R ¼ .75: Te 1.0 gray matter volume: standard b ¼ À .29, p ¼ .033; lateral ventricle change Jacobian: standard b ¼ .66, p ¼ .00002), suggesting that at least two different mechanisms explain the association between Time 1 highfrequency hearing measures and change in brain morphology.
Discussion
Consistently modest associations between auditory cortex gray matter volume and high-frequency hearing measures were observed at two different time points. However, there was not strong longitudinal evidence that increasing hearing loss from Time 1 to Time 2 caused changes in brain morphology. The hearing and brain morphology variables exhibited significant change over time, but the changes in hearing changes did not track with changes in brain morphology. There are at least two explanations for these results. First, declines in auditory cortex gray matter volume due to high frequency hearing loss may occur over a longer time period and with more than the $2 dB of loss observed over the $2.5 years of this study. Second, there could be multiple common cause mechanisms that increase the risk of hearing loss and declines in brain morphology. Together, these explanations could explain why there were two unique associations between highfrequency hearing measures and brain morphology in this study.
Cross-Sectional Findings
The small but significant associations between individual variation in high-frequency hearing measures and auditory cortex gray matter volume at two time points are consistent with the findings from previous cross-sectional studies (Eckert et al., 2012; Schneider et al., 2009) , and more generally with evidence that older adults with elevated pure-tone thresholds have relatively lower gray matter volume in auditory cortex (Husain et al., 2011; Peelle et al., 2011; Ren et al., 2018; Rigters et al., 2017; Schneider et al., 2009) . These findings were observed across studies involving different sample sizes, age distributions, and extent of hearing loss. The associations at Time 1 and Time 2 highlight the stability of these small to medium effects.
Previous studies have included a voxel-based morphometry approach that can be sensitive to a variety of morphologic features that include cortical thickness, atrophy of surrounding structures and expansion of the Sylvian fissure space in studies of aging, and sulcal/gyral variability. This study included cortical thickness and gross volumetric approaches to examine the first two potential influences. The small-to medium-effect sizes between high-frequency hearing measures and gray matter density (unmodulated) and cortical thickness in auditory cortex indicate that the effects observed in this study were due to variation in gray matter within auditory cortex rather than surrounding morphologic features, particularly in the absence of significant deformation-based or Jacobian associations with highfrequency hearing measures. It is possible that the auditory cortex effects were underestimated because of sulcal/ gyral variation. For example, the presence of a sulcus intermedius at the crown of Heschl's gyrus is variable across people and variable in medial to lateral position where this sulcus separates the gyrus into two gyri (i.e., common-stem Heschl's gyri; Leonard, Puranik, Kuldau, & Lombardino, 1998) . Visual inspection of Heschl's gyrus sulcal/gyral features did not suggest that the hearing measure effects were due to or were obscured because of a common-stem Heschl's gyrus.
The hearing measure associations with cortical morphology were not specific to auditory cortex. Figure 2 shows cortical thickness associations with high-frequency hearing across the cortex. And while the visual cortex ROI did not exhibit significant associations with the hearing measures, there were associations with cortical thickness in left calcarine cortex as well as bilateral dorsal cingulate and bilateral pars opercularis in the Time 1 and Time 2 data. Some of the cortical thickness effects in this study were not consistent across time points (e.g., somatosensory cortex) and thus should be viewed with caution given the relatively small effect sizes and post hoc nature. The value of the relatively more consistent results is in showing that small to modest associations between hearing and brain morphology can be observed across the brain and may not reflect specific declines in the auditory system due to hearing loss.
Longitudinal Changes
The change in brain morphology was not significantly related to changes in the low-and high-frequency hearing measures. There was strong evidence that the change in lateral ventricle expansion was most pronounced in participants with higher high-frequency hearing measures at Time 1. This result is generally consistent with another longitudinal study showing an association between elevated hearing thresholds and more pronounced change in brain morphology, particularly for the temporal lobe (F. R. Lin et al., 2014) . There were changes in perisylvian and cingulate morphology that exhibited associations with the Time 1 high-frequency threshold measure, but these were small effect sizes (not shown) and were not significant after correcting for multiple comparisons. Differences in the results from these studies could reflect differences in image analyses, statistical methods, duration of the longitudinal study, pure-tone threshold variables, and the relatively smaller sample size of this study.
Despite the differences between this study and the F. R. Lin et al. (2014) study, it is remarkable that in both studies it was Time 1 high-frequency hearing measures that predicted change in brain morphology. We did consider factors that could explain this result, but variables such as participant sex, duration between visits, and Time 1 age did not appear to mediate the association. It is also remarkable that the Time 1 auditory cortex gray matter volume and change in ventricle volume were uniquely related to variation in the highfrequency measure. Again, this suggests that there were different mechanisms underlying the relationships between (a) hearing measures and auditory cortex morphology and (b) hearing measures and change in ventricular volume.
Potential Explanations for Hearing and Brain Morphology Associations
Direct effects of hearing loss. Cross-sectional associations between hearing thresholds and auditory cortex morphology have been interpreted in the context of peripheral declines that produce damage throughout the auditory system (Eckert et al., 2012) . This interpretation is consistent with evidence from people with sudden and unilateral hearing loss who exhibit atypical cortical morphology (Fan et al., 2015; Y. Lin et al., 2008; Wang et al., 2016; M. Yang et al., 2014) as well as evidence from animal studies demonstrating that noise exposure affecting the peripheral auditory system can alter central auditory system structure (Nguyen et al., 2017; Saljo et al., 2002; Su et al., 2017) . In addition, some of this noise exposure could occur in development based on evidence that postnatal noise exposure can produce long-term dendritic morphology changes throughout the mouse auditory system (Ouda, Burianova, Balogova, Lu, & Syka, 2016) .
There were no longitudinal effects in this study to support a causal effect of hearing loss on brain morphology, which could be due to a limitation in the design of this study. There was a broad range of age in this study (Time 1 age range: 43.65-84.70 years) and a relatively short and varied longitudinal time frame (range: 1.26-4.97 years). Thus, the cross-sectional variance in age could obscure modest changes in cortical morphology that might occur with changes in pure-tone thresholds. This interpretation appears to be supported by evidence that the high-frequency hearing and left Te 1.0 gray matter volume association was no longer significant after controlling for age differences. This may also indicate that larger hearing measure changes are necessary to detect small changes in auditory cortex gray matter volume. The cross-sectional range of the pure-tone thresholds (e.g., right ear, 3000 Hz range: 0-65 dB HL) was much broader than the longitudinal range of threshold changes (e.g., right ear, 3000 Hz range: À10 to 25 dB). Longer term longitudinal studies and the inclusion of older adults within a limited age range may be necessary to address the premise that peripheral auditory system declines produce changes in brain morphology. In addition, the selection of participants who are older (Lee et al., 2005) and have specific presbyacusis phenotypes (Vaden et al., 2017) who are expected to demonstrate more pronounced increases in hearing loss may increase sensitivity to hearing and brain morphology associations.
Common cause effects of systemic age-related changes. There are multiple common cause explanations for why hearing thresholds covary with brain morphology measures, particularly in relation to the mechanisms of sensorineural hearing loss in older adults. For example, vascular disease could affect both the inner ear and the brain (Friedland, Cederberg, & Tarima, 2009; Gates, Cobb, D'Agostino, & Wolf, 1993; Makishima, 1978) . Indeed, the earliest explanations for presbyacusis included systemic atherosclerosis as a primary mechanism (Alexander, 1902; Von Fieandt & Saxen, 1937) . This explanation implies that there are inner ear and brain structure and function declines because of common declines in vascular support.
The lateral ventricle findings may indicate a related but different vascular mechanism. Age-related changes in venous system drainage (Chung et al., 2010; Raz, Daugherty, Sethi, Arshad, & Haacke, 2017) , particularly for veins surrounding the lateral ventricles (Satow et al., 2017) , can be influenced by age-related changes in arterial pulsation and compliance that disrupts CSF regulation (Bateman, 2000; Bateman, Levi, Schofield, Wang, & Lovett, 2008) . This potential venous flow explanation for changes in lateral ventricle volume seems speculative but may be possible given that the change in ventricle volume did not appear to reflect a spatial accommodation of lost tissue, change in total gray matter volume Â change in ventricle volume: r(29) ¼ À.05, ns. Given that the pressure balance between inner ear fluid and the cochlear artery influences vascular function in a way that is similar to the pressure balance between CSF and cerebrovasculature (Nakashima et al., 2003) , one prediction stemming from the lateral ventricle finding is that venous outflow from the cochlea is disrupted, thereby increasing cochlear pressure (Nakashima & Ito, 1981) . Perhaps increased scala media pressure has an additive effect on stria vascularis declines (Schmiedt, 2010; Schuknecht, 1974) in elevating pure-tone thresholds.
Diet may also provide an explanation for hearing threshold and brain morphology associations. Multiple studies have implicated nutrition in the prevalence of hearing loss Gopinath et al., 2011; Gopinath, Flood, Rochtchina, McMahon, & Mitchell, 2010; Gopinath et al., 2014) , including susceptibility to noise-induced high-frequency hearing loss (Spankovich & Le Prell, 2014) . More specifically, vitamin D deficiency has been related to hearing loss in humans (Ikeda, Kobayashi, Itoh, Kusakari, & Takasaka, 1989; Kang, Choi, Kim, & Choi, 2014) and animal models (Carpinelli, Wise, & Burt, 2011; Zou et al., 2008) . In addition, vitamin D has been consistently related to lateral ventricle volume (Annweiler, Annweiler, Montero-Odasso, Bartha, & Beauchet, 2014) . While some participants in this study reported taking a multivitamin and vitamin D as part of our medication questions to screen for CNS disorders, there did not appear to be a strong relation between this self-report information and the lateral ventricle change or high-frequency hearing measure. Moreover, there have been inconsistent findings between vitamin intake and hearing measures (C. H. Yang, Schrepfer, & Schacht, 2015) . Careful long-term study of nutrition, including the use of serum measures, is likely necessary to evaluate this potential common cause explanation.
The potential mechanisms of decline listed earlier are certainly not exhaustive, including the high likelihood that multiple genetic mutations increase susceptibility for presbyacusis (Lewis et al., 2018) and brain decline. Some hearing loss-related genes such as SYNJ2 (Manji et al., 2011) have been related to CNS disorders like Alzheimer's disease (Gasparoni et al., 2018) , which occurs with a greater frequency in people with hearing loss (F. R. Lin, Metter, et al., 2011; Patrone, Eriksson, & Lindholm, 2014) . While longitudinal volume changes in the inferior lateral ventricle have been associated with SYNJ2 in Alzheimer's patients (Koran, Hohman, Meda, & Thornton-Wells, 2014) , this may be an unlikely mechanism for the lateral ventral changes observed in this study because we screened for mild cognitive impairment. The specific mechanism(s) underlying the findings from this study are not clear, but it may be useful in the design of future studies to consider mechanisms that produce peripheral nervous system effects that can precede age-related declines in the CNS, given the Time 1 highfrequency hearing measure association with lateral ventricle volume expansion. It is also worth considering the likelihood of risk-taking behaviors that contribute to hearing loss (Warner-Czyz & Cain, 2016) . That is, some brain morphology and hearing associations may reflect the influence of brain morphology on decisionmaking that increases the risk of hearing loss.
Limitations
While the auditory cortex cross-sectional results replicate previous findings, as described earlier, the results of this study should be interpreted with respect to the wide range of participant age, limited longitudinal duration, and the modest sample size that could have limited sensitivity to small effects and limits inference about small effects sizes that were not replicated across time points. Some of these small and inconsistent effects are presented earlier (e.g., Figure 3) to provide context about the magnitude of auditory cortex effects relative to associations with varied high-frequency measures in other brain regions. In addition, the Time 1 high-frequency hearing measure effects should be considered in the context of uncertainty for how long participants had elevated thresholds as we had no objective or subjective report of when participants first experienced hearing loss. For example, it may be that noise exposure(s) and an ototoxic event(s) contributed to the elevated thresholds and brain morphology decline at one point in time rather than reflecting more gradual age-related changes in thresholds and brain morphology. Or, it may be that cortical declines are observable only after an extended period of elevated thresholds.
Conclusion
Middle-aged to older adults exhibited small but consistent associations between elevated high-frequency hearing measures and gray matter volume in putative primary auditory cortex regions. However, longitudinal changes in hearing measures and auditory cortex morphology did not change together across participants. There were longitudinal changes in lateral ventricle volume that were larger for participants with more elevated high-frequency hearing measures at Time 1. This finding supports the provocative idea that hearing loss may be a marker of and target of prevention for future changes in brain structure and function. This longitudinal lateral ventricle result was not due to the participants who largely contributed to the association between high-frequency hearing and auditory cortex morphology. Thus, there appeared to be at least two mechanisms of high-frequency hearing elevation that differentially map to brain morphology measures.
